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1. ABSTRACT
An experiment was performed on the flap tip vortex shed from a half span Fowler
flap. This flap was mounted on a 5 foot span NACA 632-215 Mod B airfoil in the 7 by 10
foot wind tunnel at NASA Ames Research Center. Several noise reduction studies were
performed with this model, and the addition of the Particle Image Velocimetry (PIV)
research discussed here served as a proof case of large scale PIV. The measurement plane
investigated here was a cross plane region. This is cross plane relative to the freestream
flow direction. The measurement plane was located at a position 18 inches downstream of
the flap trailing edge. This served to prove that measurements could also be made in the
more difficult cross plane direction rather than in the downstream flow direction. Lastly the
PIV data was used as a practical research tool that yielded important results that could not
otherwise be obtained.
The flow field area measured was 40 cm by 40 cm square, and served to
characterize the downstream flow characteristics of the flap tip vortex under three
configurations. The baseline configuration which was the flap and the wing only. The
baseline with the addition of a 3/4 span slat, and the baseline with a Flap Edge Device
which was designed to reduce the noise generated at the flap. All configurations were
tested at a freestream velocity of 64.84 m/s.
The test resulted in average velocity fields for the three configurations tested. The
velocity fields aided in verifying other testing methods on this particular experiment, and
also yielded further insight into the characteristics of the flap tip vortex under the three
configurations considered. The velocity data was reduced, and we were able to calculate
the vorticity of the flow field. From the position of minimum vorticity the location of the
center of the vortex was determined. The circulation was also calculated and aided in
comparing the effects of the three configurations on the lifting characteristics of the flap.
2. INTRODUCTION
Consortium Grant Number NCC2-5155 began on August 15, 1995 as a
collaboration between Stanford University and NASA Ames Research Center with the
expressed purpose of setting up instrumentation for large scale Particle Image Velocimetry
(PIV) in the 7 by I0 foot wind tunnel located at Ames. This consortium grant covered the
one year period from August 15, 1995 to August 14, 1996 and as stipulated in the
agreement a final report was required at the end of the year. This document represents the
final report and summary of work completed under that agreement.
The bulk of the work completed during the one year period was devoted to setting
up the instrumentation for large scale PIV measurements in the 7 by 10 foot wind tunnel,
located at NASA Ames Research Center, and more properly identified as 7 by 10 # 1.
Although much of the preliminary and preparatory work was performed elsewhere, the
bulk of the activities required to reach the desired goals were carried out in the wind tunnel.
The PIV instrumentation developed for the 7 by 10 facility was intended to achieve three
objectives: 1) to show that the capabilities of the PIV method can now be applied to large
scale environments; 2) to show that the measurements can be made in the cross-flow plane
of a complex flow field; and 3) as a practical test case to obtain data on the instantaneous
velocity field near a flap edge on an existing multi-element airfoil. The multi-element airfoil
testing took place during a one week period in June 1996.
The work was carried out by Stephen Walker, a graduate student at Stanford
University (advisor: Professor Donald Baganoff), and by Professor Krothapalli of Florida
State University. A large measure of assistance was received from Professor Louis
Lourenco, also of Florida State University, and from Mehmet B. Alkislar a graduate
student at Florida State University. Professor Krothapalli provided the primary liaison
with NASA Ames Research Center for this work.
During the development phase of PIV, a process in which Professor Krothapalli
played a major role, PIV was primarily used as a laboratory research tool, considered best
suited for small scale, controlled environment experiments. In recent years PIV has been
shown to be applicable to high speed flows as well. Professor Krothapalli, under a general
investigation NASA contract, proposed applying PIV to large scale wind tunnel
environments, and through conversations with Doctors C. A. Smith, L. E. Olsen, and J.
C. Ross, all of NASA Ames Research Center. Professor Krolhapalli was able to define the
goals of the study. This work represents the first step in moving the PIV method from the
laboratory to wind tunnel application.
The PIV Method
The concept of Particle Image Velocimetry is a well known and straight forward
technique for measuring velocity fields. The concepts that comprise the PIV method are
simple and outlined here.
Particle Image Velocimetry is used to measure fluid velocities within a flow field of
interest. To accomplish this end the PIV method relies on a first order approximation of
velocity, so that the velocity determined is a calculated quantity. Recall that velocity can be
expressed as a distance divided by time.
Ax
Velocity = V =
This relationship can be used to calculate the velocity at a point if the distance traveled by a
fluid particle originating at that point over a given time interval is known or can be
determined.
Typically the flow fields of interest occur in water or in air, and determining the
positions of air and water molecules is not feasible. However if the flow field is seeded
with particles larger than the molecules of air or water, the positions of these larger particles
can be determined. (How the positions of the larger particles are determined will be
addressed shortly.) Typical tracer particle sizes range from 0.2 t,tm to approximately 5
_tm. These larger tracer particles are then used to calculate the velocity field. It is therefore
important that the larger particles follow the flow field, otherwise the velocity field
calculated will not represent the true flow field. To calculate the velocity it is necessary to
determine two consecutive positions of these larger particles over a short time interval. The
two positions will yield the Ax distance and direction of motion, and the time interval, At, is
known, and through these two quantities the velocity can be calculated. This is the concept
upon which PIV is based.
Essentially lhe specifics of the PIV method are the means by which the positions of
the seeding particles, which trace out the flow field of inleresl, are determined. The
specifics of the method include: 1) the optical images, which contain the positions of the
tracer particles, and how these images are collected and saved; 2) the calculations used in
determining the Ax distance traveled by the tracer particles; and 3) other technical concerns
inherent to the PIV method, and the solutions to these concerns.
In order to determine the position of the seeding particles, the tracer particles, it is
necessary that an optical image be captured. The image captured serves as a record of the
position of the tracer particles at an instant in time. Ideally two images must be captured,
although in many instances the same results can be obtained from a single double exposed
image. Typically a single double exposed image is the method used for high speed flows.
For simplicity the case of two distinct images will be addressed first, and then the 'single
image' case will be discussed later. The two images captured are typically separated
temporally by only a few microseconds (when the fluid velocity is of the order of 100 m/s
and the spatial separation is 1 mm), and serve as the raw data for the PIV method. Ideally
within each of the two images the positions of individual tracer particles can be determined,
however within a flow field which has uniform seeding it is very difficult to identify a
specific particle from one frame to the next, and this fact often changes the method used in
reducing the optical image to a velocity field. Data reduction then involves determining the
position to which a group of tracer particles has moved, not the position to which an
individual particle has moved. Although the method of data reduction is different, the
overall concept of PIV is the same whether one is concerned with a group of tracer particles
or with an individual tracer particle. The exact position of a tracer particle at two separate
instances of time yields what is known as a 'particle pair'. A 'particle pair' would then
yield all the information necessary to calculate the velocity at a single point. Recall that the
velocity is essentially calculated by computing the spatial shift of a tracer particle in each of
the two images, over a known time interval. The PIV method assumes the tracer particles
are small enough to faithfully follow the fluid flow, and relies upon the tracer particles
being large enough to be imaged by the optical techniques used.
To illuminate the tracer particles for capturing the optical image an intense ligh!
source is required to insure that sufficient light is scattered from the particles. Lasers are
used as this light source. The high intensity light that can now be achieved from modem
lasers permits the use of tracer particles small enough that the tracer particles will more
faithfully follow a fluid flow. The laser also provides a precise duration of illumination of
the tracer particles, which will affect image quality, and a precise time interval between
pulses. Keep in mind that the time interval between pulses is used in the calculation of
velocity. The laser light source delivers two pulses of high intensity light temporally
separated by a few microseconds, as mentioned above. The two laser pulses provide the
light sourcefor eachof the two imagesnecessaryfor determiningthe two sequential
positionsof thetracerparticles.
Capturingtheoptical images is perhaps the most crucial step in the PIV method.
The raw data is contained within the images captured, and without taking lengths to insure
the validity of this data the rest of the method is irrelevant. The image of the tracer particles
can be captured and saved by one of two methods. The first is to capture the image on
photographic film. This method results in high spatial resolution, but limits raw data
processing speeds, and as a result slows down PIV data output and subsequent evaluation.
The second method is to capture the image digitally using a charge coupled device (CCD
camera). The CCD camera, while inferior to photographic film in spatial resolution, has
many features that make it the primary technique of choice. Use of a CCD camera greatly
reduces the processing time associated with capturing an image and calculating the velocity
field. Processing time for each image becomes a major factor in situations where testing
time is limited, and short image turnaround times permits immediate verification that usable
data has been obtained. Storage and handling of images is also greatly simplified by the
use of digital techniques for optical image capture. Perhaps the most significant benefit
gained in moving from photographic film to the digital CCD camera occurs in terms of data
reduction. The CCD camera allows hundreds of images to be captured, stored, and
processed, virtually automatically, and statistical investigations can then be performed with
these images. The calculations used to determine the velocity fields are generally
performed by a computer. Using a computer for data reduction necessarily implies that the
raw data, the optical image, be stored numerically and made accessible to the computer
program employed for data reduction. In the case of photographic film, it would be
necessary for the developed photograph to first be scanned before data reduction could be
performed by the computer. (Several methods do exist for the evaluation of photographic
film images which do not require that the photographic images be transformed into
electronic images, but these will not be addressed here.)
The method used to reduce the raw data to velocity data relies on statistical
correlations as the mathematical model used to accomplish this task. This is done since it is
difficult to determine particle pairs, without prior knowledge of a velocity field, and finding
particle pairs is nearly impossible for cases in which there are numerous particle pairs in a
region. The statistical correlation is performed by first defining a small area of the first
oplical imagc. Thi.,_ small area is then compared to the second optical image. The resulting
cross-correlation fimction yields a probability distribution which indicates the likelihood
lhat lhe area of inleresl has moved to the particular posilion in the second image. The
locationwith themaximumprobabilityfrom thecross-correlationfunctiondeterminesthe
calculateddisplacementfor theareaof interest.Theprobabilitydistributioncalculatedfrom
thecorrelationdefinesthedisplacement,andthetimebetweenlaserpulsesdeterminesthe
timeintervalfor themotion.This ishowtherawdataisreducedto a velocityfield.
Higherspeedflows makeit increasinglydifficult to imageparticlepairs without
reducingthetimebetweenthetwo imagescaptured,whichin turnreducesthetime between
laserlight pulses.In practicethetimeintervalsusedto captureimagesof tracerdictatethat
only a singleimagecanbecaptured. This is dueto limitationsof the camera. Thereis
simplynotsufficienttimeavailableto permitthecamerato openandclosetheshutter,and
downloadthe imageor advancethe film within the few microsecondsavailablebetween
laserpulses.Thesingleopticalimagecapturedis thereforedoubleexposed,andthis single
imagethencontainsall thedisplacementdata.In thiscaseanauto-correlationmethodmust
beused.The mathematicsof theautocorrelationarethe sameasthatof cross-correlation
technique,butnowonly asingleimageis usedto constructheprobabilitydistributionused
to determinethedisplacementof anareaof interest.Theprimarydisadvantageof thesingle
imageis thatdirectionalambiguityarises.This directionalambiguityis dueto theinability
to determinewhichsub-regionwascapturedfirst in theopticalimage.Thisproblemcanbe
reducedto thecaseof a singleparticlepairfor illustration. Simply stated,givenan imaged
particlepair, it is impossibleto knowwhichof thetwo particleswas in fact recordedfirst,
andfor this reasonit is possiblethatthecalculatedvelocityfield couldbe headedin one
directionor in theoppositedirection. If two optical imagesarecapturedthe directional
ambiguitycanbe avoidedsinceit is known which imagewas capturedfirst. Another
advantagein using the cross correlationmethod,or two separateimages,is that the
correlationfunctiondeterminedhasa highersignalto noiseratiowhich helpsto improve
theoverallaccuracyof theresults.
In the wind tunnel experimentdiscussionthat follows an additional step in
complexitywas taken. This additionalstepwas performedin order to compensatefor
havinga singledoubly exposedimageinsteadof two images. Recallthat for a single
capturedimagethemethodsuffersfromdirectionalambiguity. As a meansof overcoming
this difficulty anartificialshift is addedto thedatafrom thesecondimage. The artificial
shiftcreatesanadditionaldisplacementbetweenall particlepairsin thesingleimage. This
techniqueis very useful and the benefitsgreatly outweigh any additionaldifficulties
encounteredin institutingthemethod. In particularthegreatestbenefitachievedfrom this
spatialshifl is thal thedirectionalambiguityis removedfrom the problem. Theartificial
shift works by introducinga displacementthatis significantlylargerthanany achievable
negativedisplacementin the flow field. (Here negativerefers to displacementsin the
oppositedirectionto the artificial shift addedto the secondimage.) As a result when
calculatingtheflow field it isknownthatthesecondhalf of anyparticlepair mustlie to one
side. After thedisplacementsarecalculated,thedisplacementdueto theartificial shift can
be removed,andthen the calculationof the velocityfield is completed. It is of course
necessarytocalibratethedisplacementdueto theartificialshift.
In orderto introducetheartificial spatialshift of thesecondimagea rotatingmirror
assemblywas used. Simply stated,this methodshifts the secondimageto a different
horizontalpositionin the imagingplaneby changingtheopticalpathto therecordingplane.
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Figure 1. Illustration of the displacement of an imaged point in the recording plane due to a rotating
mirror.
The mirror as it rotates will take the object point at P, and will due to its own rotation and
also due to the focusing property of the lens move the image point. Figure 1 illustrates the
movement of the image point at separate instances in time. The shift produced by thc
rotating mirror can be expressed explicitly by a simple relation.
Xshirt = 2 m R M At
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In the above expression Xshifl represents the shift in the position of the second image, and
has the physical dimension of length, o) is the angular rotation rate of the mirror. R is the
distance between the rotation axis of the mirror and the measurement plane. Note in figure
1 that the virtual light sheet plane is included to aid in showing this distance, R. M is the
magnification of the lens, and At is the time interval between the two laser pulses. These
quantities can be used to predict the horizontal shift of the second image, but in practice this
quantity is calculated by using a fixed objective and effectively calibrating the value of the
shift, Xshif t.
The PIV method is conceptually simple, but technically difficult in application.
Timing of each of the components, (laser, camera, rotating mirror), becomes essential for
the success of the PIV method. It is therefore necessary that each component operate in the
appropriate temporal order to accomplish the overall goal of the system. Fortunately as the
PIV method has evolved so has the technology, and specifically the hardware. Each of the
components, the camera, the laser, the rotating mirror, and the associated hardware is
routed through a computer, and the relative timing is maintained by the computer's own
operations. The PIV software has primary control of all of the components, and it greatly
simplifies the raw data collection.
To further stress the importance of this experiment, note that Particle Image
Velocimetry, although well established and evolved, has primarily been used for small
scale studies. In the wind tunnel experiment described herein the relative scale has been
increased by an order of magnitude. The wind tunnel is 7 feet high by 10 feet wide. The
chord of the wing model is 2.5 feet and the span is 5 feet. The vortical structure created by
the half span flap in this experiment is considered to be approximately 1.5 feet square. A
measurement field of this size is not well suited for point wise measurements, and although
the complexity of the PIV method does increase with the larger scales considered here, the
evolution of PIV has reached a level where PIV is appropriate for this type of study. In
particular the PIV method yields an entire velocity field for the area of study; this avoids the
time necessary for point wise measurement methods. Also the flow field of study here is
hostile and highly turbulent. The hostile environment makes it difficult to position and hold
steady any type of probe which would be necessary for an intrusive method. Lastly
intrusive methods may have adverse effects on the flow field characteristics, which would
have to be determined by further studies. The non-intrusive optical technique of the PIV
method is well suited for the testing environment considered in this experiment, and yields
additional data that would otherwise be difficult to obtain.
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3. EXPERIMENT
The experimentwas carriedout in the 7 by 10 wind tunnel at NASA Ames
ResearchCenter. The wind tunnel,(7 x 10 #1), is a closedcircuitwind tunnelwith an
optimaltest sectionarea7 feethigh and 10 feetwide, and with the test sectionhaving a
lengthof 15feet. Thewindtunnelisdrivenby aDC motorwith a maximumpoweroutput
of 1600hp,whichyieldsamaximumfreestreamvelocity,emptytestsection,of 116m/s.
Figure2is aschematicdrawingof thewind tunnelandtheexperimentalsetupusedin the
test.
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Figure 2. Illustration of 7 x 10 wind tunnel and experimental setup.
The wing model tested was a 5 foot span NACA 632-215 Mod B profile airfoil.
The chord, c, of the wing was 2.5 feet, and the wing was fixed at an angle of attack of 10 °
throughout the test. This wing profile was coupled with a half span Fowler flap, which
had a 9 inch chord, (0.30 c). The flap was fixed at an angle of attack of 39 °. The finite
wing and the Fowler flap formed the baseline model configuration for this experiment.
The wing model was mounted vertically in the 7 by 10 wind tunnel. The wing was
mounted between two ground planes that served to remove the boundary layer of the wind
tunnel from aerodynamic interaction with the model. Figure 3 is a photograph of the model
installed within the wind tunnel. The photograph shows the baseline configuration, the
wing and the flap, with the addition of a 3/4 span leading edge slat.
Figure 3. Photograph of model in wind tunnel. (Configuration shown is baseline with the 3/4 span slat.)
This baseline configuration was also tested with the 3/4 span leading edge slat. The profile
shape of this high lift device was designated as an LB-546 slat. The slat had a chord of 4.5
inches, or 0.15 c, where c was the wing chord. The slat was at an angle of attack of 10 °.
The other addition to the baseline configuration tested was a flap edge device. The flap
edge device is referred to as the Full Size Flap Tip Fence. The flap edge device mounts to
the side plane of the Fowler flap, and when properly mounted the upper edge of the Full
Size Flap Tip Fence is flush with the upper surface of the flap. In this position the flap
edge device extends one full flap thickness beyond the lower surface of the flap. This is
the reason it is called the Full Size Flap Tip Fence. There were other Flap Tip Fences with
varying overlap beyond the lower surface of the flap, each fence was designated by the
amount of overlap. This particular fence was used in these tests due to its high noise
suppression. Figure 4 illustrates the shape of the flap edge device, and how this device is
mounted on the flap. The photograph of the Full Size Flap Tip Fence, which appears on
the left of figure 4, shows the flap edge device from the side view. The line that appears on
the flap edge device is drawn in only to illustrate the position of the surface of the Fowler
flap when the flap edge device is mounted to the flap. The schematic on the right side of
figure 4 illustrates the mounting of the Flap Tip Fence on the flap side edge.
Figure 4. Photograph of Full Size Flap Tip Fence and illustration of mounting of Flap Tip Fence on flap
model.
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Both additionsto thebaselineconfiguration,theslatandthe flapedgedevicewere tested
separately.
A variety of tests were performed by other groups around the baseline
configuration. Amongthesetestswereacousticmeasurements,madewith two different
acousticarraysof microphones.Theseacousticmeasurementsweredonesimultaneously
with pressuretapsurveysperformedatfourteencrosssectionsalong thespanof thewing.
Boundarylayerflow visualizationwasaccomplishedwith tuftsplacedon thesurfaceof the
model, as well as with surfaceshearstressvisualizationaccomplishedby using Liquid
CrystalCoatings(LCC). Othertestsincludedsevenhole pressureprobewake surveys,
hotwire surveysaroundand near the flap edge, and also Doppler Global Velocimetry
(DGV). ParticleImageVelocimetryclosedout thesetof measurementtechniques.
Thefreestreamflow characteristicsweredeterminedfrom settlingchamberpressure
taps, and a pressuretap ring betweenthe groundplanesupstreamof the model. The
configurationstestedwerethebaselineconfiguration,(i.e., solely the wing and the half
spanflap), thebaselinewith theadditionof the3/4spanslat,andthebaselineconfiguration
with theflapedgedeviceattachedto theflap, asdetailedin Table 1. The freestreamflow
conditionswerecharacterizedby thedynamicpressureheadthatwasmaintainedat 40 psi.
Thiscorrespondedto a freestreamvelocityof 64.84m/s(woo).
Table1. Summaryoftestconditions.
Configuration:
Baseline(Wing& Flap)
Baseline& 3/4SpanSlat
Baseline& FlapEdgeDevice
Characteristics
Wing-632-215ModB
Span-5 feet
Chord-2.5feet
10°angleof attack
Flap-FowlerFlap
Span-2.5feet
Chord-0.75 feet
39° an_leof attack
Slat-LB-546
Span-3.75feet
Chord-0.375feet
10° angleof attack
Full SizeFlapTip Fence
Freestream
Conditions
64.84m/s
64.84m/s
64.84m/s
ll
ThePIV setupusedfor testingis illustratedin figure 5, while figure2 illustratesthe
PIV set up relative to the wind tunnel. The PIV setupwasmountedon the floor of the
tunnel,sothattheapparatusextendedup from thefloor. This wasdoneto stabilizethe set
up from vibrationsof thetestsection. Thepositionof theopticsrail alongthex direction
on thetunnel floor wasdeterminedbaseduponanalysisof vortexdatatakenfrom a prior
experiment. From thepreviousexperiment,Flap EdgeI, we were ableto determinethe
approximatepositionof thecenterof thevortex,andthis informationwasusedto position
the optics rail in the x direction, and also to position the collection optics pod at the
appropriateheight. (FlapEdgeI primarily studiedonly the baselineconfiguration.) The
flow field illuminatedby thelasersheetwasimagedby theCCD cameraat a distanceof
approximately1.62meters.
Flap
LowerGroundPlane
iiiili
iiii_ii
Laser Sheet
Expansion Optic
Laser Sheet
Collection Optics Pod
Laser Beam Path
Reflectin_
Mirror
Optics Rail
Figure 5. Experimental Setup
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Thelaserlight sourcewasplacedexteriorto thewind tunneltestsection.The laserusedin
this setupwas aSpectraPhysicsPIV - 400 Nd:Yag doublepulsedlaser,which had an
outputat maximumpowerof approximately870 mJperpulse. The laserwas frequency
doubledtoproduce532nmwavelengthlight from abeamthatwasoriginally composedof
1032nm wavelengthlight. Thelaserlight passedthroughthe tunnelwall as a coherent
beam,and thenexpandedinto a lasersheetby a suitableoptics package. The optics
packageusedto createthelasersheetwasattachedto theopticsrail thatwas mountedon
thefloor of thetestsection. (The rail was designedto permitseveraldownstreamflow
crosssectionsto bestudied,but testtimeconstraintsdid not allow this to be carriedout.)
Theopticspackageusedto createthelasersheetconsistedof four cylindrical lenses. Two
cylindrical lenseswere usedto control the thicknessof the laser sheet, which was
approximately0.5mmthick. Thesecondsetof two cylindricallenseswasusedto spread
thelaserbeaminto a sheet. The opticsusedto expandthe laserbeamto a sheetwere
protectedfrom thefreestreamflow by a cowling assembly.Thelasersheetwas oriented
perpendicularto the primary flow. This orientationyielded data for the cross flow
velocities. Using the wind tunnel coordinateaxis illustrated in figure 5, and the
correspondingu, v, andw velocitycomponents,the crossplanevelocity datacalculated
correspondsto the u andv components. For this test the laser sheetwas 18 inches
downstreamof theflap trailingedge.
The tracerparticlesusedfor this experimentweregeneratedby two Roscoe4500
fogmachines.Thesesmokegeneratorsaretypicallyusedfor theatricalpresentations.The
particlesizesobtainedfrom thesesmokegeneratorsare typically between0.1 and 5.0
micrometers.Theflow wasseededby placingthesmokegeneratorsin thesettlingchamber
andthesmokewasthenentrainedinto theflow. Generally,it wasonly necessaryto usea
singlesmokegenerator,butdependingon thetunnelconditions,andin particularthetunnel
temperature,sometimesit was necessaryto useboth smokegeneratorsto seedparticles
within thecoreof thevortex.
Oncethesmokewasentrainedinto thevortexgeneratedby thehalf spanflap, the
flow field was imagedby a high resolutionCCD Camera. The cameraused in this
experimentwasa KodakMegaplusCamera,Model4.2. This canlerafeatureda 2029(H)
by 2044(V) pixel array. Thesizeof the individualpixel elementswas 9 _tm. For this
experimentan imageareaof 2000by 2000pixelswasusedandthis yieldeda real image
areaoJ 15.5 inchessquare,or.just under40 cm. For eachindividual imagethe cmllera
downloadedapproximately4 Mb imagesto an IBM Risc 6000 Work Station. This camera
w_s used in conjunction with a spccially designed lens, and was a four element obiective in
13
Tessarlensform. The lensfocal lengthwas75 mm with a F# of approximately4. This
yielded a focal depth of about 15 mm. The magnificationwas 24.45 x at a working
distanceof 1.9m for recordingof a0.5by 0.5meterregion. Thecollectionopticssetup is
illustratedin figure 6.
Window
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J Rotating
J Mirror
J Assembly
f Lens Camera
/I
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Mirror
,/,
Figure 6. Collection Optics Set Up with the Collection Optics Pod.
This set up was housed in a protective aerodynamic cowl that protected the internal optics
from the pressure forces of the freestream flow, and prevented smoke from coating the
optical surfaces. The alignment of the optical axis and the focusing of camera was
performed before closing the protective cowl.
As mentioned above an IBM Risc 6000 was used to store the images. The rotating
mirror originated the timing sequence for capturing each image. The rotating mirror was
operated at 10 Hz. When the mirror was at the proper position the rotating mirror would
send a pulse to both the camera and the laser. The camera hardware upon receiving the
14
pulsewould open the shutterof the camera. Likewise the laser power supply, upon
receivingthesignalfromtherotatingmirrorhardware,wouldfire thefirst laserpulse. The
secondlaserpulsewas triggeredby a unit, which introduced a time delay, At between
pulses, as set by the user. The shutter of the camera was then closed after the second laser
pulse leading to a double exposed image. This single image, with the artificial shift from
the rotating mirror, was then downloaded to the computer. The computer had sufficient
memory to allow a series of up to 30 images to be collected before it was necessary to save
them to disk.
4. RESULTS
Figure 7 is presented to illustrate the type of raw data that was processed by the PIV
software.
Figure 7. Double exposed single raw data image.
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In figure 7 we note that the entire flow field is not saturated. Despite the apparent lack of
particle uniformity throughout the flow field imaged, there are particles, and therefore data,
in generally all regions of the image. In particular the core of the vortex contains particles
which were imaged by the CCD camera. In most previous PIV studies of vortex flows,
significant difficulty was encountered imaging the particles within the core of the vortex,
and these difficulties in imaging the particles within the vortex core resulted in data drop out
in the center of the vortex. The laser light intensity used in this experiment, which
represented an order of magnitude increase in intensity over previous PIV lasers, overcame
the difficulty of imaging the particles in the core of the vortex. The reason the laser light
intensity solves the problem of imaging the vortex core is that generally the vortical flow
structure will force larger particles to be thrown out of the core of the vortex. As a result
only the smaller tracer particles remain in the vortex core. The primary difficulty in
imaging these smaller particles has been getting sufficient scattered light from the particles
onto the collection optics imaging plane. The laser used in this experiment, the Spectra
Physics PIV - 400 Nd:Yag double pulsed laser, which actually contains two separate lasing
elements, provided 870 mJ per pulse, and this proved to be sufficient light for imaging of
the smaller particles in the vortex core. Figure 8 contains the velocity field calculated from
the image in figure 7.
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Figure 8. Velocity field calculated from figure 7 above.
The data drop out found along the perimeter of the velocity map is due to the triangular
shape of the laser sheet. (See figure 5.)
Initially imaging the flow field illuminated by the laser sheet proved difficult, since
the flow field to be measured was the cross plmae flow, u and v components of velocity,
and not in the primary freesiream direction, w. It must be realized that in order to capture a
good double exposed single image, a majority of the particles imaged by the first laser
pulsc must also be present when the second laser pulse is fired. If this is not the case the
correlation function calculated, and used to determine the velocity, will yield a low
maximum probability, and lhis will in turn increase the chance that an erroneous result is
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determined.In thisexperimenthefreestreamflow servesto makeimagingalargenumber
of particlesin both lasersheetsdifficult. In factwhile performingthe experimentit was
discoveredthat the downstreamvelocity was acceleratingsignificantly as the airflow
interactedwith the model. (Recallthe freestreamvelocity upstreamof the model was
determinedto be64.84 m/s.) Thedownstreamvelocity component,w referencedin the
coordinatesystemindicatedin figure5, wasmeasuredasapproximately100m/sin thecore
of thevortexby theDopplerGlobalVelocimetrytechnique(DGV). This high speedflow
presenteddifficultiesfor capturingparticlepairswithin theregionof the two lasersheets
whenthetwo lasersheetscoincidedin thesameplane. To overcomethis problemit was
determinedthat it would be beneficialto move the position of the secondlaser sheet
downstreamin orderto capturethepositionsof theparticlesat thesecondinstantin time.
Seefigure 9, which showsa schematicof the methodusedto ensurethe captureof the
secondpositionof theparticles.
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Figure 9. Schematic of second laser sheet displacement.
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This solutionof displacingthesecondlasersheetworkedwell, andwassimpleto institute.
To displacethesecondlasersheetit wasnecessaryto merelychangetheopticalpathof the
secondlaserbeambeforethebeamwasfrequencydoubledto 532 nm. By changingthe
opticalpathbeforethefrequencydoublerwewereableto createa smalloffsetwhich was
propagatedacrossall the opticsusedto createthe laser sheet,and thereforeby using
relativelysmallchangesbeforethefrequencydoublerthesecondlasersheetwasmaintained
parallelto thefirst sheetand still displacedasdesired. Sincethis solutionwas devised
during the experiment,and was not anticipatedprior to the experiment,a precise
measurementof the offset was not made,but roughmeasurementsof the displacement
determinedthat it waslessthanthewidth of a lasersheetwhichwasmeasuredas0.5mm.
In determiningthevelocityfields it wasnecessaryto correctfor theeffectsof the
rotatingmirror. Therotatingmirror introducesperspectiverrorsto thecalculatedvelocity
fields,andalsocreatesadditionalmagnificationerrors.Theseerrorsaresystematicandcan
bepredictedandcorrectedfor in thecalculationof thevelocityfield. MehmetB.Alkislar, a
graduatestudentat FloridaStateUniversitywasprimarily responsiblefor determiningthe
expressionsusedto correctthevelocitydata.
In order to expressthe correctionsused it is necessaryto first discuss the
expressionsusedto determinethecertainexperimentalvariablesandconstants.The shift
producedby the rotating mirror assemblycan be calculatedby first looking at the
fundamentalsof theexperimentalsetup.Thisexpressionhasbeengivenpreviously,but it
is repeatedherefor convenience.
Xshift= 2coR M At
Theaboveexpressioncanbeusedto calculatethehorizontalshift of theparticlepositions
capturedby the secondlaserpulse. It is importantto keepin mind that the velocity
calculatedby thecorrelationfunctionis initially determinedin termsof a displacement,and
thatdividingthedisplacementby thetimeintervalbetweenlaserpulsesdeterminesthevalue
of the velocity. As a result the initial quantityfor the calculated'velocity' is in fact a
physicalvalueof displacement.With this fact in mind theexpressionsfor velocityareas
follows.
Ucorr = tlcalc - Xshifl - _x
Vcorr = Vcalc - _y
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Xshif t iS the spatial shift introduced by the rotating mirror. The epsilon factors are the error
terms introduced by the rotating mirror. The subscript 'calc' terms designate the calculated
velocity from the application of the correlation function. The subscript 'corr' designates the
corrected velocity values. The expressions for the error corrections, the epsilon factors, are
as follows.
F_.x = (X + Xshift) (X + CM) Bs
I_y = y (x + CM) Bs
2mAt
BS-F (1 + M)
These corrections are applied pointwise, x and y are the coordinates of the point of interest
in the image. The axes are defined centered on the image with the point (0,0) in the center
of the image. C is the misalignment between the axis of the mirror and the optical axis, and
was zero in this experiment. Note that some terms referenced here are illustrated in figure
1. M is the magnification, which is defined as
A
M-g-,
where A and B are the distances between the lens and the recording plane and between the
lens and the image plane respectively. At is the time between the two laser pulses. R is the
distance between the mirror axis and the measurement plane. F is the focal length of the
lens, and from the Gaussian form of the thin lens equation is defined as
1 1 1
F -A _B"
is the angular speed of rotation of the mirror. This rotating mirror correction is applied to
all of the calculated velocities. Table 2 contains the constants used in the calculations for
the errors due to the rotating mirror. Note that the distance between the mirror rotation axis
and the measurement plane was not measured. This value, designate the variable name R,
was not necessary for this error analysis or any other calculations. Recall that the value for
the artificial shift, Xshin, is the only variable that explicitly relies on the value for R in order
to calculate its value, and the artificial shift was calibrated during the test. Xshif I is
dependent upon the time delay, At, between laser pulses given that all other variables are
constants in the expression for the arlificial shift, and rather than depend on measurements
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to calculatethevaluelot theartificialshift it is simplerto merelycalibratefor thevalue of
Xshift.
Table 2. Summary of optical constants of the PIV system used in this experiment.
A (m)
Distance
from lens to
image plane
0.078
B (m)
Distance
from lens to
object plane
1.716
F (mm)
Focal length
of the lens
75
M
Magnificatio
n
0.0457
03
Angular
Rotation
Rate
62.8
The epsilon error terms were calculated and the velocity values were corrected using the
above formulas. It was found that the maximum errors were approximately one tenth of a
pixel. (These pixel displacements are the basic displacement unit before scaling the
displacements to real quantitative values of meters.) This value for the maximum error is
compared to the minimum displacement measured throughout the experiment which was 5
pixels. Using these two extreme values it was determined that the extreme case would be
that the perspective and magnification errors could accounted for a maximum error of
approximately 2 %.
Figures 10, 11, and 12 present data for each of the three configurations tested. The
first configuration is the baseline configuration. The baseline contains the wing at an angle
of attack of 10 °, and the flap at an angle of 39 +. The second configuration is the baseline
with the addition of the 3/4 span leading edge slat at an angle of attack of 10 °. The third is
the baseline with the addition of the flap edge device, (see figure 4 for reference).
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Figure 10, Baseline configuration velocity field at 18 inches aft of flap trailing edge.
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Figure 11. Baseline configuration with 314 span slat; Velocity field at 18 inches aft of flap trailing edge
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Each of the above velocity fields is an average of five images. The averaging scheme used
requires a little explanation. In order to average the velocity fields it was first necessary to
find the average center of the vortex. The center of the vortex for all schemes is defined as
the point of minimum vorticity. (Note that for a vortex rotating in the clockwise direction
in the coordinate system defined here, that the vorticity will have a negative value. This is
the minimum vonicity referred to in the above discussion.) The average center of the
wwtex refers specifically to the average position of the minimurn vonicity when considering
all five velocity fields. The velocity fields for each of the five images did not necessarily
predict the same point as the center of the vortex. Therefore it was first necessary to
determine the average position where the vortex would be centered. Once this point was
defined the images were shifted such that the center of the vortex for each of the five
images was in the same position as the average center of the vortex, and then the five
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imageswereaveragedto producefigures 10-12. This schemeis perhapsa bit involved,
but it maintainstwo piecesof informationof interest.Theaveragepositionof thevortex is
still determined,andthecalculatedaveragevorticity still containsa relativemeasureof the
vorticity distribution at one instant,whereasif the averagingwere performedwithout
centeringeachvortexsomeinformationwouldbelost.
In orderto illustratethequantitativecontentof thevelocityfieldsof figures 10-12,
figures13-15presenthorizontalandverticalslicesthroughthecenterof eachvortexfor the
threeconfigurationstested.Notethat thecalculatedcenterof thevortex is indicatedin the
figures.
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Figure 13. Baseline configuration; Velocity profiles at 18 inches aft of Ilap trailing edge.
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5. DISCUSSION
From the analysis used for determining the center of a vortex, it is immediately
apparent that there is vortex wander. Numerous wind tunnel studies of vortices shed frorn
half span wings also show vortex wander. Although no studies specific to a half span flap
were found which addressed vortex wander, one can assurne that similar factors would
influence the wander of the vortex position shed from either source. One factor that
contributes to vortex wander for half span wings was hypothesized to be wind tunnel
turbulence levels. This seems to be a reasonable conclusion, but this influence has not be
quantitatively evaluated, and factors other than turbulence must also play a role in
determining the position of the vortex from one moment to the next. For the experiment
carried out here, the relative motion of the vortex was measured to be on the order of 0.73
cm between frames, with the entire range of motion confined to a calculated area of
approximately 0.42 cm 2. The wind tunnel turbulence levels were tested, and were
determined to be 0.1%.
Other information found from the plots of the velocity field is the position of the
center of the vortex relative to the flap trailing edge. Although this information can be
determined from figures 10-12, it is simpler to determine the position of the vortex from a
plot of vorticity. Figures 15-18 show the calculated average vorticity plots. (Note that in
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each figure there is a mesh plot showing the levels of the vorticity, and an underlying
contour plot which is primarily used to find the position of the center of the vortex
downstream of the flap trailing edge.)
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From figures 16-18 the relative position of the center of the vortex downstream of the flap
trailing edge is determined. (Recall that these measurements are taken at a position 18
inches downstream of the flap trailing edge.) The relative positions of the center of the
vortex are reported in Table 3. These positions are given relative to the axes of figures 10-
12.
Table 3. Relative position of the calculated center of the vortex.
Baseline Configuration
Baseline Configuration with 3/4 Span Slat
Baseline Configuration with Flap Edge Device
X Position (cm)
20.75
Y Position (cm)
24.94
20.75 24.23
22.14 24.23
It is apparent that the motion of the center of the vortex at this position downstream is
small. This data does not permit conclusions to be drawn, but the differences in positions
will be pointed out and commented upon. These comparisons are referenced to the baseline
configuration. For the case of the 3/4 span slat it is seen that the center of the vortex has
not shifted in the x direction, but has moved vertically down in the y direction. This is
most likely attributed to the interaction of the flap tip vortex with the vortex shed from the
3/4 span slat. The vortex shed from the 3/4 span slat will create a low pressure area most
likely in the region below the flap, and this low pressure area may affect the flap tip vortex
by causing its motion to proceed in the negative y direction. The case of the Flap Edge
Device shows that the vortex has moved in the positive x direction and in the negative y
direction, when referenced to the baseline configuration. It is apparent that the Flap Edge
Device will affect the roll up of the flap tip vortex, and any change in the position of the
vortex for the configuration with the Flap Edge Device is likely attributed to this change in
roll up. These conclusions are of course only hypotheses, but the results presented here do
suggest that further studies are necessary in order to precisely determine the position of the
center of the vortex for the configurations tested.
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It washopedthatthevelocityfield of figure 11wouldalsoyield informationrelated
to thevortexthat wasshedfrom the edgeof the 3/4 spanslat. This was not the case.
Therewasnoapparentsecondvortex in thevelocityfield of figure 11, nor was thereany
evidenceof anothersourceof vorticity in figure 17. This couldbe due to one of two
factors. The first is merelythat the vortex shedfrom the 3/4 span slat is not in the
measurementplane. The secondis thatthevortexshedfrom theslat is diffused through
interactionwith theviscousboundarylayerof thewing. In anyeventit is not known what
occurswith theslat vortex. Furtherstudiesareneededto track the positionof the slat
vortexandtheinteractionof theslatvortexwith thedownstreamflow field.
We also attemptedto determinedthe circulationfrom the vorticity data. The
circulationcalculatedis a rough approximate. Although it is expectedto be a rough
estimate,thecalculatedvaluesfor circulationareroughprimarily dueto thelimitednumber
of imagesaveraged.With merelyfive imagesthe averagevorticity fields calculatedstill
havesignificantnoiselevels,andthis noisecorruptsthecirculationdeterminedfrom the
vorticity data. Lookingatfigures16-18it canbeseenthatthevorticity outsidethecoreof
the vortex doesnot fall monotonicallytowardszeroasexpected. Insteadthe plots of
figures16-18showvorticity levelsthatapproachzero,andoscillatenearandaroundzero.
Figures19-21show verticalcrosssectionsof the vorticity datafound in figures 16-18.
Thesefiguresareincludedonlyto pointout thepresenceof noiseasmentionedabove.
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In order to limit the effects of noise on the calculated circulation, the circulation was only
calculated over a finite area of the entire vorticity field. The scheme used to determine the
integration area simply limited the area of integration to the region in which the vorticity
values were greater than the noise levels measured around the periphery of the entire
velocity field. This method was used to calculate the circulation and these values are listed
in Table 4.
Table 4. Circulation values for each configuration.
Baseline Configuration
Baseline Confi_;uration with 3/4 Span Slat
Baseline Configuration with Flap Edge Device
Circulation
(m2/s)
-28.15
For the case of the 3/4 span slat the circulation from the flap has been significantly reduced
from the baseline configuration. This is most likely due to changes of the flow field around
the wing, which in turn affects the flap tip flow characteristics. The overall circulation of
the baseline configuration with the 3/4 span slat has most likely increased, but the flap itself
is responsible for less of a contribution to the overall circulation than for the baseline
configuration. The most important conclusion drawn concerning the flap edge device is
that it did not cause an appreciable reduction or increase of the circulation. A marked
change in the circulation would indicate a change in the lift characteristics associated with
the configuration change. This result is significant, but when taking into account that the
flap edge device resulted in a 3 dB decrease in the noise generated by the flap edge, then it
appears lhat the flap edge device proves to be a viable scheme for noise reduction, and one
which does not effect the lifting characteristics of the flap itself.
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6. CONCLUSIONS
The PIV method and setup developed for the 7 by l0 foot wind tunnel has
produced useful data concerning the flow field behind a multi-element airfoil. The airfoil
coupled with the half span flap was tested in two other configurations, which were being
tested primarily to identify noise sources, but provided an excellent opportunity for
demonstrating the capabilities of the PIV method. From the data gathered during the
experiment conducted using PIV, two primary concerns were examined, and these were 1),
the positions of the center of the vortex behind the half span flap under different
configurations, and 2) characterizing the circulation due to the flap tip vortex. Both results
aided in answering two concerns of other researchers studying the multi-element airfoil.
These results served to verify that practical data could be gathered from the PIV method.
The experiment also served to show that PIV has matured to a level such that it can now be
applied to large scale studies, 40 x 40 cm, and furthermore, measurements can be made in
the cross plane flow direction.
33
